ABSTRACT The fertility and survival of an individual rely on the ability of the periphery to promptly, effectively, and reproducibly communicate with brain neural networks that control reproduction, food intake, and energy homeostasis. Tanycytes, a specialized glial cell type lining the wall of the third ventricle in the median eminence of the hypothalamus, appear to act as the linchpin of these processes by dynamically controlling the secretion of neuropeptides into the portal vasculature by hypothalamic neurons and regulating blood-brain and blood-cerebrospinal fluid exchanges, both processes that depend on the ability of these cells to adapt their morphology to the physiological state of the individual. In addition to their barrier properties, tanycytes possess the ability to sense blood glucose levels, and play a fundamental and active role in shuttling circulating metabolic signals to hypothalamic neurons that control food intake. Moreover, accumulating data suggest that, in keeping with their putative descent from radial glial cells, tanycytes are endowed with neural stem cell properties and may respond to dietary or reproductive cues by modulating hypothalamic neurogenesis. Tanycytes could thus constitute the missing link in the loop connecting behavior, hormonal changes, signal transduction, central neuronal activation and, finally, behavior again. In this article, we will examine these recent advances in the understanding of tanycytic plasticity and function in the hypothalamus and the underlying molecular mechanisms. We will also discuss the putative involvement and therapeutic potential of hypothalamic tanycytes in metabolic and fertility disorders. (Endocrine Reviews 39: 333 -368, 2018) 
H istorically, the term tanycytes, after tanύ § (tanus) for "stretched" in Greek, was first used in  by Ernst Horstmann to describe a group of cells bridging the cerebrospinal fluid (CSF) and the pial surface of the brain in cartilaginous fishes (). These elongated ependymoglial cells had already been described in  by Santiago Ramón y Cajal (Fig. A) , who found that cells resembling the embryonic radial glial cells, by virtue of their retaining their embryonic connection with the surface of the central nervous system, were abundant in the brains of adult fish, amphibians, and reptiles, but were restricted to specific brain areas in birds and mammals (). Concomitantly, the Italian neuroanatomist Sterzi () drew attention to the unusual nature of the floor of the infundibular recess lying directly above the pituitary in cartilaginous fishes, and described two kinds of ependymal elements: those that resembled tanycytes, and those that had few or no basal processes, reminiscent of classic cuboidal ependymal cells. A drawing of the cells later called tanycytes, with their cell bodies lining the floor of the third ventricle and their processes extending toward the pial surface of the infundibular recess in a Golgi preparation from newborn mice (Fig. B) , was published in  by Ramón y Cajal (). In , an elegant work by Wislocki and King () using peripheral injections of vital dyes and India ink showed that, in terms of vascular supply, the median eminence (ME) of the hypothalamus was an integral part of the infundibulum and was irrigated by a permeable portal capillary plexus connecting it to the anterior pituitary, and that the extravasation of circulating factors could occur in this restricted region of the tuberal hypothalamus a (). It was only  years later, with the advent of electron microscopy, that researchers discovered that tanycytes actually linked the CSF with the perivascular space facing the hypothalamo-hypophysial vascular system, characterized by a fenestrated endothelium (-), and postulated their involvement in certain synthetic and transport mechanisms associating the ventricular contents with the extraventricular brain compartment and the blood (-). The earlier demonstration by Harris and coworkers that the hypophyseal portal system acted as a "humoral relay" between the hypothalamus and the anterior pituitary, (, ), together with the observation that neuroendocrine terminals morphologically interacted with tanycytic endfeet contacting the pericapillary space (, ), a situation that was seen to vary depending on the experimental situation (), led to the supposition that tanycytes also played a pivotal role in the control of neurohormone secretion (, ). Conversely, electron microscopic observations revealing the intimate anatomical apposition of axons with adjacent tanycytes in the ME of rats gave rise to the provocative idea that tanycytic function could also be directly regulated by neuronal inputs via these so-called "synaptoid" contacts in the ME ().
Over the past  years, it has become increasingly clear that tanycytes, which occur in the tuberal region of the hypothalamus, and line the ventral aspect of the third ventricle (-), are involved in the regulation of several key hypothalamic functions such as reproduction and energy metabolism. They exert their versatile actions by dynamically controlling the secretion of neuropeptides into the portal vasculature by hypothalamic neurons and regulating blood-brain and blood-CSF exchanges, both processes that depend on the ability of these cells to adapt their morphology to the physiological state of the animal (, , ). In addition to their barrier properties, they possess the ability to sense blood glucose levels, and play a fundamental and active role in shuttling circulating metabolic signals to hypothalamic neurons that control food intake. Moreover, accumulating data suggest that, in keeping with their putative descent from radial glial cells, tanycytes are endowed with neural stem cell (NSC) properties and may respond to dietary or reproductive cues by modulating hypothalamic neurogenesis. Tanycytes could thus constitute the missing link in the loop connecting behavior, hormonal changes, signal transduction, central neuronal activation and, finally, behavior again.
Tanycytes have historically been classified into four subtypes (a, a, b, and b), based on their dorsoventral location along the third ventricle, the extension of basal processes into the hypothalamus and histochemical criteria (). However, as will be seen by the end of this review (section, "A New Classification of Tanycytes?"), recent advances in our understanding of the physiology of tanycytes, as well as of their 
ESSENTIAL POINTS
· Tanycytes are highly plastic elements in the adult central nervous system · Tanycytes lie at a nodal point in the hypothalamus, from which they man the dialogue between the brain and the periphery · Dynamic tanycyte-neuron interactions are part of the physiology of several neuroendocrine axes · Tanycytes shuttle circulating metabolic hormones into the brain · Tanycyte-endothelial cell interactions tightly control the direct access of bloodborne signals to select hypothalamic neurons involved in the adaptive response to metabolic changes genetic and structural diversity (-), suggest that this older classification is no longer adequate and that it should be revisited in light of new knowledge. A population of tanycytes, those that compose the lateral walls of the ventricle, are known to be developmentally derived from the sonic hedgehog (Shh)-expressing floor-plate (, ). In keeping with the idea that they are radial glial cells that persist in the mature brain (, ), they are characterized by a radial morphology, with cell bodies constituting the wall of the third ventricle and elongated processes that extend into the hypothalamic parenchyma (Fig. C) . Tanycytes paving the floor of the third ventricle only possess a primary cilium (uniciliated cells), whereas tanycytes lining the lateral wall of the third ventricle have recently been shown to be biciliated ependymal cells (). They are thus morphologically distinct from the surrounding cuboidal ependymal cells, which harbor tufts of motile cilia that drive the flow of CSF (-) (Fig. ) , and, as seen for other populations of glial cells in the brain (, ), exhibit distinct genetic, structural, and functional properties specific to their spatial distribution and the distinct cell types with which they interact via their parenchymal processes (see sections, "Tanycytes and the Blood-CSF Barrier" and "A New Classification of Tanycytes?"). Early Golgi studies of third ventricle tanycytes had already shown subtle differences from cell to cell, which prompted scientists to divide them into several categories (). Tanycytes of the ME stretch between the ventricular and pial surfaces. Their processes are unevenly studded with spinelike protrusions, and are enlarged at their distal end to form pyramidal "endfeet" at the pial surface, formed by the vascular wall of the pituitary portal blood system. Tanycytes of the lateral ventricular wall, unlike ME tanycytes, usually extend a long and slender process that makes contact with a vessel, around which it forms a cuff, before continuing into the parenchyma where it eventually terminates, sometimes on a more distal vessel. In the ventral arcuate nucleus of the hypothalamus (ARH), the periventricular vessels contacted en passant by tanycytic processes most often belong to capillary loops arising from the ME (), which either display a permeable fenestrated endothelium (-) or harbor blood-brain barrier (BBB) properties (), depending on the nutritional status of the individual (). In contrast, capillaries more distant from the third ventricle belong to typical capillary networks constituting the blood supply of the brain, and always show BBB properties (, ). The morphological features of tanycytes thus vary depending on their location and the cells with which they interact, in keeping with their diverse functions (Figs.  and ).
In this review, we will provide an update of recent advances in our understanding of tanycytic plasticity and function in the hypothalamus, and the underlying molecular mechanisms. Specifically, we will focus on the ability of tanycytes to relay peripheral signals to select neuronal circuits in the brain, and conversely, to participate in the modulation of central signals that regulate peripheral processes. This current understanding of the physiology of hypothalamic tanycytes may hold therapeutic potential for treating infertility and metabolic diseases such as obesity.
Tanycytes and the Blood-CSF Barrier
The survival of an organism relies on energy homeostasis, which is the control of numerous neuroendocrine functions that integrate metabolic feedback and adapt the response of the organism to physiological demands. Although most circulating factors use transcellular transport across the BBB to access the brain, specific hypothalamic nuclei that play a vital role in the control of food intake and body weight, such as the ARH, might require direct access to circulating homeostatic factors by a privileged route that bypasses brain barriers. Whether such a route exists and can be controlled to meet physiological demands in response to changes in homeostatic status is just beginning to be explored, but represents a question central to our understanding of the mechanisms controlling feeding and energy metabolism and their coordination with fertility to ensure the birth of progeny under the most favorable conditions for their survival without compromising that of the parents.
The BBB is critical to safeguarding the homeostasis of the brain microenvironment by preventing the direct exposure of brain tissue to the blood and circulating factors. In most areas of the brain, the BBB is formed by vascular endothelial cells, which express tightly organized junctional complexes, and closely interact with pericytes and astrocytes (). Tight junction proteins play a critical role in the function of the BBB, preventing the free passage of molecules through the paracellular pathway (intercellular cleft) while promoting the establishment of polarized and receptor mediated transport through the endothelium (). However, in certain peculiar brain structures called the circumventricular organs (CVOs), characterized by capillaries harboring a fenestrated endothelium (, , ) that are thus highly permeable to bloodborne molecules (), the BBB consists of tanycytes stretching from the wall of the cerebral ventricles, which they line, and these fenestrated capillaries, which they contact via extended slim processes (, ) (Fig. ) . In the CVOs, tight-junction complexes between adjacent tanycytes act as a physical barrier preventing the diffusion of circulating molecules extravasating from fenestrated capillaries to the rest of the brain via the CSF, and thus form a blood-CSF barrier (, ).
Tanycytes of the ME The ME, which is located below the third ventricle in the tuberal region of the hypothalamus, is one of the seven CVOs and primarily contains neurosecretory axons that either travel toward the neurohypophysis and release their contents into the general circulation or terminate in the pericapillary space of the pituitary portal blood system, which collects their neurohormones for delivery to the anterior pituitary where target endocrine cells lie (). Being adjacent to the ARH, the ME also contains sensory dendrites arising from ARH neurons () and a few chemosensory neurons (). The anatomical structure of the ME is mainly conferred by tanycytes whose cell bodies line the floor of the third ventricle and that extend processes toward the external zone of the ME, where they make contact via their endfeet with the parenchymatous basal lamina constituting the boundary between the brain and the pericapillary space facing the fenestrated vessels of the pituitary portal blood system. This fenestrated endothelium allows not . Note that glu-tubulin immunoreactivity is absent in vimentin-labeled tanycytes of the (E) ARH and (A) ME. Sections are counterstained using Hoechst (blue) to visualize cell nuclei and identify the morphological limits of each hypothalamic structure. Scale bars: (A) 100 mm; (B-E) 20 mm. (F) Representative drawing summarizing the distribution of tight junction proteins in the tuberal region of the hypothalamus (40 only the passive and rapid diffusion of the neurohormones released by neuroendocrine secretory axon terminals into the pituitary portal circulation (), but also the access of circulating nutrients and metabolic signals to the brain (). Indeed, advanced in vivo imaging approaches have demonstrated that the fenestral diaphragms, which are formed by radial fibrils composed of homodimers of the -to -kDa plasmalemmal vesicle associated protein  (PV, encoded by the Plvap gene) (, ), enable the free and rapid extravasation of circulating molecules # kDa through the microvessels of the ME in mice (). However, the restriction of this capillary fenestration to the ME together with the establishment of a physical barrier at the ventricular wall by tight junctional complexes between adjacent tanycytic cell bodies, sequesters these molecules within the ME and prevents their diffusion to the rest of the brain via the CSF (). Indeed, tanycytes show highly organized tight junction protein complexes that form a single belt around their cell bodies; these junctional complexes are composed of the constitutive tight junction proteins, zonula occludens  (ZO) and occludin (), also expressed by BBB endothelial cells, and claudin , selectively expressed by tanycytes that contact fenestrated vessels, but not by BBB vessels (). Interestingly, the claudins, a family of transmembrane proteins consisting of at least  members, exhibit both organ and tissue-specific distribution patterns and confer key intercellular sealing properties to the barriers that express them (, ). ME tanycytes also express claudin  but not claudin , while both are readily seen to be expressed in BBB vessels in the Figure 3 . Cytoarchitecture of the rat mediobasal hypothalamus. Confrontation of the distribution of the tanycytes (red, labeled for vimentin), blood vessels (white, labeled by the panendothelial antibody clone RECA-1), neurons (white, labeled for the neuronal marker HuC/D), astrocytes (green, labeled for GFAP), whereas all cell nuclei are stained blue with Hoechst. Frames in (A) and (B) are shown through all color channels in (C) and (D), respectively. The location of the subtypes of tanycytes following the original classification with Greek letters is shown in (A). Note that ARH neurons expand into the subependymal zone (sez) of the ME (arrow in C), that astrocyte processes (asterisk in C) distribute in both the internal zone (intz) and external zone (extz) of the ME, and that tanycyte processes enwrap capillary vessels in the arcuate nucleus (arrows in D). Images are confocal stacks, 12-mm thick (A and B) and 3.5-mm thick (C and D). Scale bar: (A) 100 mm. 3V, third ventricle; DMH, dorsomedial nucleus of the hypothalamus; GFAP, glial fibrillary acidic protein; VMH, ventromedial nucleus of the hypothalamus.
tuberal region of the hypothalamus (). The functionality of the tight junctions joining ME tanycytes at their apices is demonstrated by the fact that even fluorescent molecules as small as  kDa (e.g., the Evans blue dye), cannot diffuse through the cellular sheet thus formed regardless of whether they are injected peripherally, i.e., into the blood compartment, or into the cerebral ventricles (). Tanycytes of the ventromedial ARH Tanycytes from the dorsolateral part of the ME, which evaginates caudally to eventually give rise to the pituitary stalk, extend long processes that travel through the ventromedial aspect of the ARH (vmARH) and arch down toward the pial surface of the brain, where they terminate most of the time, facing the fenestrated capillaries of the most lateral reaches of the external zone of the ME. These tanycytes, at the interface between the ARH and the ME (the so-called b tanycytes), which have been newly found to selectively express SPRRA (), were initially thought to lack tight junctions (), an observation that is true for the most dorsal of them, which skip over ME capillary loops with BBB properties before ending at the pericapillary space of fenestrated vessels () (Figs. F and A). However, it is not true for tanycytes that directly make contact with fenestrated capillaries (, ) (Fig. F) . Interestingly, however, these characteristics could change dynamically depending on the energetic status of the individual, as further elaborated below (Fig. ) . VmARH tanycytes always express ZO and occludin, but they are either distributed diffusely at the apex of the tanycytic cell body, at its interface with the CSF, when tanycytes contact BBB capillaries, or tightly organized in a beltlike continuous junction encircling the tanycytic cell bodies when their processes are directly apposed to fenestrated capillaries. Equally interesting is the fact that in the latter situation but not in the former, vmARH tanycytes also express claudin  immunoreactivity (, ). Of note, in the caudal tuberal region of the hypothalamus where the pituitary stalk separates from the base of the hypothalamus, tanycytes bordering the floor of the third ventricle facing the stalk are vmARH tanycytes, which are developmentally derived from the Shh-expressing floor plate (), whereas the pituitary stalk is exclusively composed of ME tanycytes, which have a distinct embryonic origin excluding Shh expression during development ().
Tanycytes of the dorsomedial ARH, the ventromedial nucleus of the hypothalamus, and the dorsomedial nucleus of the hypothalamus While progressing dorsally into the ARH, the processes of tanycytes always terminate on or pass by BBB vessels that they cuff before entering the parenchyma (, ). Accordingly, dorsomedial ARH (dmARH), ventromedial nucleus of the hypothalamus (VMH), and dorsomedial nucleus of the hypothalamus (DMH) tanycytes, which, like vmARH tanycytes, are also derived from Shh-expressing progenitors (), exhibit a disorganized pattern of expression of ZO and occludin at their apex; the diffusion of dyes into the ARH upon their intracerebroventricular infusion suggests that paracellular diffusion can occur in between dmARH tanycytes and that no tight physical barrier exists between the dmARH and the CSF ().
However, the diffusion of CSF-borne molecules into the parenchyma appears to be restricted to the ARH, as dorsal to this nucleus, multiciliated cuboidal ependymal cells start to intermingle with tanycyte cell bodies in the ventricular wall (, ) (Fig. ) . These classic ependymal cells, in addition to harboring beating cilia (), show in contrast to dmARH, VMH, and DMH tanycytes, tightly organized tight junction protein complexes immunopositive for ZO and occludin (), which hamper the free diffusion of solutes between the CSF and the parenchyma. Finally, in contrast to ME and vmARH tanycytes, which only possess a primary cilium (), dmARH, VMH, and DMH tanycytes appear to be biciliated ().
Structural plasticity of the blood-CSF barrier in the tuberal region of the hypothalamus Energy imbalance has intriguingly been shown to dramatically alter the structural organization of the blood-hypothalamus barrier at the ME-ARH (). Fasting for  hours promotes a marked increase in the fenestration of ME capillary loops both within the ME and the vmARH, but not in typical ARH BBB vessels () (Fig. ) . This phenomenon is accompanied by a concomitant increase in the organization of tanycytic tight-junction complexes in both the ME and the vmARH, including the expression of claudin  by all vmARH tanycytes to prevent the access of bloodborne molecules extravasating from the newly permeable vessels to the CSF. These changes, which appear to be reversed by refeeding, are thought to be due to transient dips in blood glucose levels, likely perceived by tanycytes themselves thanks to their glucosensing properties (), as they are mimicked by the intraperitoneal or intracerebroventricular injection of the nonmetabolizable glucose analog -deoxy-Dglucose in fed animals and prevented when circulating glucose levels are normalized by chronic infusion in fasting animals (). Transcriptomic analyses have revealed that among the many factors known to promote vascular and brain plasticity, vascular endothelial growth factor (VEGF)-A is the only growth factor upregulated in the ME upon both fasting and -deoxy-D-glucose treatment; VEGF has long been associated with increased vascular permeability (-) and is required for ependymal cell function and the maintenance of key brain-periphery interfaces such as the choroid plexus (). Advanced fluorescence-activated cell sorting approaches in mice selectively expressing a fluorescent marker in tanycytes have revealed that fasting induces VEGF-A transcripts selectively in tanycytes (). With the aid of specific VEGF receptor neutralizing antibodies, this tanycytic VEGF-A has been shown to act on endothelial VEGF receptor  (VEGFR) and VEGFR, but not VEGFR, to promote microvessel permeability and tight-junction-complex reorganization in the ME and the vmARH (). The definitive proof of the key involvement of tanycytes in this process comes from the selective knockout of Vegfa expression in tanycytes using a cre-lox approach, by the injection of a recombinant TAT-Cre fusion protein into the third ventricle of adult Vegfa LoxP/loxP mice (); this suppression of tanycytic Vegfa expression fully attenuates the effect of fasting on structural rearrangements of the blood-CSF barrier ().
Functional significance of blood-CSF barrier structural plasticity Fasting-induced changes in blood-CSF barrier properties at the ME and vmARH are associated with the increased access of bloodborne molecules to areas of the ARH usually blind to circulating factors in the fed state, as shown not only by the extended diffusion of the intravascular Evans blue dye into the tissue, but also by the increased ability of critical metabolic substrates such as circulating glucose to enter the ARH (). Microdialysis experiments in freely moving animals have shown that -hour fasting increases fourfold the concentrations of glucose in the ARH when compared with the fed state (
Interestingly, this phenomenon is strictly limited to the ARH as concomitant measurements in the VMH show that glucose concentrations remain unchanged across metabolic states (' . mM). Besides favoring the access of small metabolic signals, the use of bioactive fluorescently labeled peptidergic hormones such as the -kDa ghrelin (), the gut hormone signaling hunger (-), has demonstrated that the increased permeability of vmARH vessels after -hour fasting increases the ability of such circulating metabolic hormones to reach the cell bodies of vmARH neurons in the immediate vicinity of the vessels that are newly fenestrated in response to fasting (). Fluorescent ghrelin is seen to bind to vmARH neurons within minutes of its injection into the jugular vein in anesthetized animals. The neurons sensing this bloodborne ghrelin are primarily appetite-modifying neuropeptide y (NPY) and pro-opiomelanocortin (POMC) neurons (). Intriguingly, however, these discrete populations of metabolic-hormone-sensing vmARH neurons only account for less than % of the total population of appetite-modifying neurons in the ARH (). Despite their limited number, it is tempting to speculate that these "scout neurons," which can rapidly and directly sense peripheral signals depending on the nutritional status of the individual, play an important role in coordinating adaptive metabolic responses. In line with this idea are experiments showing that VEGF treatment in fed mice, which induces the fenestration of ME capillary loops in the vmARH, results in a spontaneous increase in the phosphorylation of signal transducer and activator of transcription  (STAT), commonly used as a surrogate for the activity of the Leptin receptor (LepR), in the vmARH but not in the dmARH (). This VEGFinduced increase in pSTAT immunoreactivity is associated with a decrease in food intake in animals fed ad libitum and is abrogated when mice are treated with the point-mutated leptin LAN (leptin antagonist), strongly suggesting that the VEGF-mediated increase in vmARH blood vessel permeability also facilitates the direct access of endogenous circulating leptin to vmARH appetite-controlling neurons in the fed state, and that this "abnormal" situation restricts food intake in treated animals by tricking hypothalamic feeding circuits (). Conversely, blocking the increased fenestration of vessels in response to fasting by pharmacological means, e.g., via the intraperitoneal injection of the VEGFR inhibitor Axitinib, blunts the refeeding response after a -hour fast without any adverse effects (). Axitinib alone is not seen to affect food intake in control animals fed at libitum; however, chronic Axitinib treatment is known to affect glucose homeostasis () and to lead to decreased appetite and weight loss in patients with cancer (, ). These side effects of cancer treatment could be linked to a reduction in the permeability of vessels in the pancreas (), but in light of the aforementioned findings, it is also possible that they could be due to an impairment of the regulation of glucose homeostasis by the hypothalamus due to altered tanycytic barrier function in the vmARH.
Depending on the nutritional status of the individual, therefore, tanycytes are capable of modifying their own barrier properties and thus modulating the opening of the "ARH window" to the periphery, a process that appears to be key to prompt adaptive behaviors. More broadly, these studies establish a new physiological concept in the regulation of energy homeostasis by showing that the nutritional status of an individual modulates the permeability of that blood-hypothalamus interface to circulating metabolic signals, thereby controlling their access to neurons in adjacent hypothalamic areas that respond to these signals by modifying feeding behavior (, ).
Other CVOs
The ME is not the only brain region to exhibit this kind of gliovascular organization, where BBB properties are transferred from the endothelium to glia that contact it. Process-bearing ependymal cells that link the ventricular and fenestrated-blood-vessel compartments and possessing organized tight junction complexes around their cell bodies are also seen in other CVOs, including the organum vasculosum of the lamina terminalis (OVLT), the subfornical organ (SFO), and the area postrema (AP) (, -). In contrast to the ME, which until recently has mainly been seen as a neurosecretory CVO with only a few neurons lying outside the BBB (, , , ), the OVLT, the SFO, and the AP are sensory CVOs with abundant neuronal populations whose cell bodies remain outside the BBB (, ). For example, neurons in the OVLT and the SFO, an important subset of which express Nos (), are involved in thirst control and water intake (, ), a process that requires an intimate dialogue with neurons in the median preoptic nucleus of the hypothalamus adjacent to the OVLT (, ); neurons of the median preoptic nucleus of the hypothalamus, including gonadotropin releasing hormone (GnRH) neurons, also send dendrites outside the BBB into the OVLT and are thus able to sense bloodborne signals that extravasate from fenestrated capillaries, either directly (-) or in coordination with OVLT neurons (, ). The AP, which forms part of the dorsovagal complex comprising the nucleus tractus solitarius and the dorsal motor nucleus of the vagal nerve, is strongly involved in the homeostatic control of motivated behaviors such as hunger and thirst, as well as the propagation of satiety signals (, ). As in the ME, OVLT, SFO, and AP tanycytes that make contact with fenestrated capillaries via their endfeet show ZO, occludin, and claudin  immunoreactivity in the form of a continuous belt around their cell bodies, giving rise to a honeycomblike pattern of expression that seals the paracellular space and thus prevents any diffusion between the tissue and the CSF (). In contrast, the classic cuboidal ependymal cells bordering the third and fourth ventricles outside these CVOs lack claudin expression (), as do the ependymocytes with beating cilia in the tuberal region of the hypothalamus (). In addition to being expressed in the epithelial cells of the choroid plexuses (, ), ZO, occludin, and claudin  immunoreactivity is also seen in the tanycytelike cells of the subcommissural organ, a CVO devoid of any neurons or fenestrated capillaries that borders the third ventricle (). However, the tight junction proteins in this peculiar CVO are located at the tip of vimentinimmunoreactive glial cell processes adjacent to the third ventricle and emanating from the tanycytelike cells whose cell bodies border the posterior commissure in the brain parenchyma (). The function of the subcommissural organ is largely unknown; it is thought to act as a gland releasing substances into the CSF ().
Tanycytes as a Hypothalamic Shuttle for Hormones
Although structural changes to the blood-CSF barrier modulate the direct access of bloodborne hormonal signals to the vmARH and, consequently, the adaptive response to acute nutritional challenges, the process by which these peptide factors gain access to neurons located in deeper hypothalamic structures known to use these signals to regulate energy balance is largely unknown. The expression of tight junction proteins by tanycytes not only prevents the diffusion of solutes through the paracellular cleft (, ), but also regulates cell polarity and intracellular trafficking (, ). Early transcytosis studies have substantiated a role for ME/vmARH tanycytes in conveying bloodborne molecules to the CSF (). It is therefore likely that circulating metabolic hormones can enter the central nervous system, at least in part, through the CSF, and reach target hypothalamic nuclei via volume transmission, which allows far-reaching communication in the brain (). Supportive studies include the demonstration that when the adiposity hormone leptin is administered peripherally, it activates leptin-sensitive hypothalamic neurons along a ventrodorsal gradient over time (), but when leptin is infused into the cerebral ventricles, it activates leptin signaling in all responsive hypothalamic neurons within minutes (). Recent studies analyzing this rapid LepR signaling have found that tanycytes are the first cells to display leptin-stimulated pSTAT; i.e., that tanycytes are the first cells in the hypothalamus to perceive and respond to circulating leptin (). Leptin-induced pSTAT immunoreactivity appears in their processes, which contact the fenestrated capillary plexus at the pial surface of the brain, as well as in their cell nuclei located close to the floor of the third ventricle (). The use of fluorescently labeled leptin () has revealed that bloodborne leptin, which in keeping with its size ( kDa), freely exits the hypothalamo-pituitary portal blood circulation through fenestrated capillaries (), is taken up by tanycytes (). This process requires the activation of LepR since a mutated recombinant leptin antagonist with no biological activity but unmodified LepR-binding properties () fails to be captured by tanycytes and does not accumulate in the ME (). After internalization by the endfeet of ME tanycytes in clathrin-coated vesicles (, ), leptin is transported toward their apical pole and released into the CSF of the third ventricle in an extracellular signal-regulated kinase (ERK)-dependent manner; from there, it can reach the mediobasal hypothalamus and other brain areas adjacent to the cerebral ventricles () and act on leptin-sensitive neuronal populations () (Fig. ) . That the passage of leptin from the blood to the CSF is implicated in the circulating-leptin-mediated activation of hypothalamic neurons has been shown by infusing neutralizing antibodies to leptin into the CSF before injecting leptin systemically (). This neutralization of leptin in the CSF effectively hampers leptin-induced pSTAT immunoreactivity in the dmARH, VMH, and DMH. Interestingly, tanycytic cell bodies lining the third ventricular wall at the level of the ME/vmARH are nonciliated (, ), unlike their more dorsal counterparts (, ), potentially creating a quiescent zone that limits signal dispersal through the CSF and creates a favorable diffusion gradient for their entry into the adjacent dmARH, in which the barrier properties of tanycytes differ from those of ME/vmARH tanycytes (). This could allow "Tanycytes lying at a nodal point in the hypothalamus man the dialogue between the brain and the periphery." leptin and possibly other bloodborne signals shuttled by tanycytes into the CSF to freely enter the dmARH and, subsequently, other hypothalamic regions, by paracellular diffusion. In addition, beyond the immediate vicinity of the ME and ARH, CSF-borne signals could be redistributed to other sites of action by the beating of ciliated ependymal cells (). In line with this appealing hypothesis is a recent study demonstrating that metabolic peptides released by neurons of the lateral hypothalamic area (LHA), such as melanin-concentrating hormone (MCH), positively control ciliary beat frequency in ependymocytes intermingled with VMH tanycytes (, ). The neuronal activity of these MCH neurons and thus of ciliary beating in ependymocytes could be modulated by the LepR-expressing ARH neurons that project directly to the LHA (, -). It is thus enticing to speculate that ARH neurons lying outside the BBB sense bloodborne leptin extravasating from ME fenestrated capillaries (, ) and relay this information to MCH neurons in the LHA, thus optimizing the volume transmission of leptin from the CSF to the more distant reaches of the hypothalamus.
The concept of tanycytes as a general conduit for peripheral metabolic hormones into the brain is supported by studies demonstrating that circulating ghrelin is also transported into the CSF by tanycytes (, ). This raises the intriguing possibility that a similar route could be taken by other bloodborne metabolic signals including GLP (, ), which may require the activation of the interleukin (IL)- receptor (IL-R) in tanycytes, since functional IL-R has just been shown to be expressed in tanycytes () and TAT-Cre infusion into the CSF of IL-Ra loxP/loxP mice blunts the ability of circulating exendin- (an analog of GLP) to exerts its central effects both on food intake and body weight (). Pharmacological compounds such as GLP analogs, which are currently used to manage body weight and treat type  diabetes in patients (, ), could also be shuttled into the brain by tanycytes. Concerning steroid hormones, while tanycytes do express receptors for some gonadal steroid hormones (), it is still a matter of speculation as to whether they are also involved in shuttling these hormones across brain barriers, as was suggested by early studies by Francis Knowles in the 's (), or simply providing them with a shortcut to their target neurons.
Tanycytes and Metabolic Sensing
Tanycytes have recently been shown to be glucosensors. In addition, they have been postulated to be designed to sense changes in the composition of the CSF in the ventricle. Could tanycytes also be involved in sensing circulating metabolic signals other than glucose, rather than simply transporting them?
A role for tanycytes in metabolic sensing was originally suggested by studies showing that the destruction of the walls of the third ventricle, which contain tanycytes, impaired the normal feeding response to hypoglycemia, which could be restored after the regeneration of these cells (). More recently, we have demonstrated the tanycyte-vascular remodeling occurring in conditions of energy deficit (see sections, "Tanycytes and the Blood-CSF Barrier" and "Structural plasticity of the blood-CSF barrier in the tuberal region of the hypothalamus") (). Together, these results suggest that tanycytes function as glucose-sensing units capable of adapting their physiology to metabolic challenges.
In support of tanycytes as glucose-sensing units, it has also been found that these glial cells share metabolic molecular features with some of the best-characterized glucose-sensor cells in the whole body, the pancreatic b cells, which secrete insulin in response to the elevation of glucose levels in the blood (). In pancreatic b cells, glucose enters through the glucose transporter  (GLUT) and is phosphorylated by glucokinase (GK) to enter the glycolytic pathway and lead to the production of energy in the form of adenosine triphosphate (ATP). This leads to an increase in the intracellular ATP-to-adenosine 9-diphosphate ratio, which then induces the closure of ATP-inhibited potassium channels (K ATP ) located at the cell membrane. The closure of K ATP channels induces membrane depolarization and subsequent calcium entry through voltage-gated channels, which triggers the exocytosis of insulin secretory vesicles. Interestingly, GLUT, GK, and K ATP channels are all expressed in tanycytes (-), making them glucose sensors too.
It is, however, worth remembering that the contribution of central glucose-sensing to the maintenance of energy homeostasis is an extremely complex mechanism, which mainly relies on the activity of specialized hypothalamic neurons, the socalled "glucose-sensing" neurons, which respond to changes in extracellular glucose concentration with changes in their firing rate (-). The orexigenic (appetite-stimulating) NPY/agouti-related peptide (AgRP) and anorexigenic (appetite-suppressing) POMC neurons of the ARH are the best characterized population of glucose-sensing neurons involved in the central regulation of energy balance (-). Located near the ME (a region devoid of the BBB, see earlier), NPY/AgRP and POMC neurons face substantial variations of extracellular glucose concentration and are electrically inhibited and excited by glucose, respectively (, ).
Tanycytes as glucose-sensing units would make sense if these glial cells were able to relay information regarding extracellular glucose concentrations to ARH glucose-sensing neurons or other neuronal populations that could require indirect metabolic signals. In favor of this hypothesis, studies have shown that tanycytes have the ability to directly detect changes in glucose levels in the CSF and release paracrine factors, e.g., ATP, that could potentially influence the activity of neighboring ARH neurons (, ). For instance, in acute brain slice preparations, ARH tanycytes respond to local puffs of glucose or nonmetabolizable substrates of glucose transporters (GLUTs) and sodium/glucose cotransporters  directly applied onto their cell bodies via a patch pipette with a robust increase in intracellular calcium. In turn, intracellular calcium increases trigger the release of ATP into the extracellular space (), possibly through hemichannels formed by connexin  (), which activates PY purinergic receptors located on tanycytes themselves. The activation of PY receptors then initiates the propagation of intercellular calcium waves through neighboring tanycytes (). Given that ATP and its metabolite, adenosine, have been previously shown to modulate neuronal activity in feeding circuits through activation of purinergic receptors (, ) and influence feeding behavior (, ), this paracrine factor released by tanycytes in response to glucose represents a prime candidate to inform NPY/AgRP and POMC neurons of extracellular changes in energy metabolite concentration (, ), although such a hypothesis remains to be tested.
The glucose-sensing mechanism of tanycytes is rather complex and may involve, in addition to the GLUT/GK/K ATP pathway reminiscent of pancreatic b cells (see above), the reversal of the sodium/calcium transporter or the activation of a G protein-coupled receptor (). Regarding the latter, a very recent study has identified the sweet taste receptor, Tasr, as responsible for the glucose-sensing function of tanycytes (). Tasr is a G protein-coupled receptor that can bind glucose as well as a number of nonnutritive sweeteners such as sucralose, acesulfame K, and RebA (). In acute brain slice preparations, the focal application of these three sweet tastants to the cell body of ARH tanycytes triggers intracellular calcium increases that are propagated between tanycytes in the form of calcium waves (). The mechanism of calcium propagation involves the release of ATP by tanycytes and the activation of PY receptors, similar to that described above for the response to glucose (). The implication of Tasr in the response to glucose is supported by real-time polymerase chain reaction data showing that transcripts for Tasr are present in ARH tanycytes and by the fact that the proportion of tanycytes responding to glucose is decreased by more than half in Tasr null mice (in which only % of tanycytes respond to glucose) compared with wild-type animals (in which % of tanycytes respond to glucose). It is also worth noting that the knockout of Tasr does not fully suppress glucosensitivity in tanycytes, suggesting that a proportion of glucosensitive tanycytes (%) use other mechanisms to sense the metabolite (). Interestingly, although the physiological role of the Tasr sweet taste receptor family subunits has been well characterized in the tongue and other peripheral tissues [pancreas, gut, adipocytes (, )], their presence and role in the brain are underestimated () and deserve further investigation, especially in the central mechanism of nutrient sensing.
In addition to releasing ATP, tanycytes may also produce and release the glucose-derived metabolite, lactate, to inform ARH neurons of changes in extracellular glucose levels (). To exert its effect, lactate released by tanycytes may act on specific membrane receptors () or enter neurons to be used as fuel as has been proposed for astrocytes (). In favor of this hypothesis, tanycytes express functional monocarboxylate transporters (MCTs)  and , allowing the efflux of lactate (), while neighboring orexigenic NPY/ AgRP and anorexigenic POMC neurons in the ARH express MCT, allowing the influx of lactate (). Thus, based on the differential cellular expression of these three MCT isoforms, it is likely that tanycytes and ARH neurons are metabolically coupled through lactate to regulate energy homeostasis. This view is supported by studies demonstrating that neuronal MCT immunoreactivity increases in the ARH of mice fed a high-fat diet (), whereas the knockdown of MCT or GK selectively in tanycytes through adenovirus-mediated transfection of an shRNA into the basal third ventricle increases food intake and body weight gain (, ).
Although there is evidence that NPY/AgRP and POMC neurons are glucose-sensing cells that directly detect extracellular glucose (see above), the paracrine factors, ATP and lactate, released by tanycytes could serve as additional indirect mechanisms to fine tune the detection of glucose concentrations by these neurons. These results also indicate that multiple mechanisms for glucose-sensing may exist in tanycytes, and emphasize the role of neuron-glia interactions in the hypothalamus in the control of energy homeostasis (). However, it remains to be determined whether ATP and lactate act as gliotransmitters (-), which, once released by tanycytes, could have the ability to influence the electrical activity of AgRP/NPY and POMC neurons to regulate feeding behavior. Additionally, although most of the research on metabolitesensing by tanycytes has focused on glucose-sensing, they may also respond to other metabolites, such as aminoacids (). Recently, molecular heterogeneity between tanycytes has been demonstrated based on their dorsoventral distribution along the third ventricle (, ), suggesting that they are also functionally heterogeneous. Future work will determine whether tanycytes can sense other metabolites such as fatty acids () and whether this ability is specific to subpopulations of tanycytes.
Tanycytes and Neurosecretion
In the ME, the axons of GnRH neurons are closely apposed to and ensheathed by tanycytic membranes in all species studied: birds, rodents, and primates, including humans [see for review Prevot et al. ()]. Ultrastructural studies have shown that the direct access of GnRH nerve terminals to the portal vasculature is controlled by reversible changes in the ME during the estrous cycle (, ) (Fig. ) . ME dynamics involve neurosecretory axons, tanycytes, and vascular endothelial cells, the last of which secreted peptides must cross to enter the bloodstream and might depend on circulating levels of gonadal steroids (, ). On the day of diestrus, when gonadotropin output is low, GnRH secretory nerve terminals are completely engulfed or ensheathed by tanycytes, which create a diffusion barrier impeding GnRH release into the pituitary portal blood by preventing their direct access to portal vessels. On the day of proestrus, when occurs the preovulatory GnRH/luteinizing hormone (LH) surge, a structural remodeling of tanycytes occurs, resulting in the unsheathing of these axons and the establishment of direct neurohemal contact, i.e., contact between the axonal membrane of neurosecretory GnRH neurons and the basal lamina surrounding the pericapillary space of pituitary portal vessels. Recent studies using state-of-the-art genetic tools in vivo have demonstrated that the establishment of a neurovascular junction for GnRH neurons and tanycytic plasticity are indeed key to the neuroendocrine control of reproduction (, ). These studies have uncovered a previously unknown mechanism of plasticity in the adult brain involving glial semaphorin A (SEMAA) () and endothelial SEMAA (), which have recently been described as putative causal genes for constitutional hypothalamic hypogonadism in humans (-). On a similar note, a very recent groundbreaking study has demonstrated that tanycytes also control the hormonal output of the hypothalamic-pituitary-thyroid (HPT) axis by tightly controlling the release of thyrotropin-releasing hormone (TRH) into the pituitary portal blood system ().
Tanycytic plasticity and the central control of GnRH neuroendocrine secretion
Signaling pathways used by gonadal steroids to control tanycytic plasticity Insights into the mechanisms by which tanycytes contribute to structural plasticity in the ME initially came from works showing that transforming growth factor a (TGFa), a peptide related to the epidermal growth factor (EGF) family expressed by astrocytes and tanycytes of the ME (), was able to stimulate GnRH release from ME explants (). Interestingly, TGFa does not promote GnRH release directly; instead it stimulates the secretion of PGE  from glial cells via a paracrine mechanism. PGE  then acts on GnRH neuronal cells to induce GnRH release (, ), but also triggers acute tanycytic endfoot retraction both in primary cultures of tanycytes and in living hypothalamic explants (). In vitro and in situ studies have both shown that the TGFa receptor, erbB, is expressed in tanycytes (-). Importantly, estrogen and progesterone treatment in prepubertal rats is seen to increase TGFa messenger RNA expression, whereas the blockade of TGFa action in the ME by tyrphostins, erbB- inhibitors, delays the occurrence of the first preovulatory GnRH/LH surge at puberty (, , ). Because tanycytes of the ME express both estrogen and progesterone receptors (, , ), gonadal steroids may promote both TGFa expression and release by acting directly on these cells on the stage of proestrus in rodents. In vitro studies conducted in primary tanycytic cultures have shown that a -hour TGFa treatment promotes the secretion of PGE  and a PGE  -dependent release of TGFb (), another growth factor also known to be involved in the regulation of GnRH secretion by glial cells (-). TGFa and TGFb have been shown to have dramatic but opposing effects on tanycyte morphology in vitro (). When tanycytes are treated for  hours with TGFa, activation of erbB signaling first promotes the outgrowth of their processes and then elicits a PGE  -dependent production of TGFb (). Subsequently, TGFa-induced TGFb secretion triggers the retraction of tanycytic processes during the following  to  hours (). This sequence of events appears to recapitulate the estrogen-dependent changes in morphology and growth factor expression exhibited by tanycytes during the preovulatory surge of GnRH/ LH. Cell retraction mediated by TGFb in tanycytes, which express TGFb receptors in vivo (, ), requires the activity of matrix metalloproteinases (MMPs) (), which are also expressed in the ME (). In contrast to the effect of PGE  mentioned above that promotes tanycytic endfoot retraction by promoting actin cytoskeleton remodeling (within  minutes) (), tanycyte retraction mediated by TGFb requires partial digestion of the extracellular matrix, which results in a loss of substrate adhesion in tanycytes, as shown by time-lapse experiments (). These two mechanisms causing retraction of tanycytic processes thus appear highly complementary.
Interestingly, tanycytic TGFb has recently been shown to be a necessary paracrine factor promoting the expression of SemaA in tanycytes under physiological conditions in which circulating levels of estradiol are low, but progesterone levels are high (). The activation of the SemaA signaling pathway in the ME causes both the retraction of GnRH neurosecretory axons from the pericapillary space and the outgrowth of tanycytic processes ensheathing GnRH neuroendocrine terminals () (Fig. ) . SemaA exerts its effects by acting on its two well-characterized receptors, PlexinC and b-integrin (, ). SemaA, which acts as a guidance factor for migratory GnRH neurons during embryogenesis (, ), is heavily expressed in the termination field of GnRH neurons in the adult brain; this expression is restricted to tanycytes of the ME (). SemaA expression in tanycytes varies across the estrous cycle in response to ovarian steroids, i.e., estrogens and progesterone. More precisely, as mentioned above, SemaA expression in tanycytes is low during proestrus, i.e., when circulating estrogens levels are high, and reaches its peak in diestrus, i.e., when circulating progesterone levels are elevated but estrogens levels are at their lowest (). Interestingly, both tanycytes isolated in vivo using fluorescence-activated cell sorting and in primary tanycyte cultures in vitro express high levels of progesterone receptors (). Progesterone-stimulated TGFb-mediated SemaA expression in tanycytes is at its highest during diestrus (). Strikingly, ex vivo treatment with SemaA is seen to induce morphological rearrangements typical of diestrus in ME explants collected from animals on the day of proestrus. This structural remodeling, which occurs within  minutes upon bath application of SemaA to the explants, results in the concomitant retraction of GnRH neuroendocrine terminals from the pericapillary space and the sprouting of tanycytic endfeet, which engulf the GnRH nerve terminals (). Indeed, SemaA treatment is accompanied by a significant decrease in GnRH release from proestrus ME explants, supporting the idea that the sprouting of tanycytic endfeet impedes the free diffusion of the neurohormone into portal blood vessels (). Although experiments performed in cell lines releasing GnRH suggest that SemaA promotes the retraction of GnRH neuroendocrine processes through the inactivation of Rap and cofilin via the PlexinC pathway, the use of primary tanycytic cultures has shown that the endfoot expansion of tanycytes stimulated by SemaA may involve b-integrin and FAK, ERK/, and AKT as intracellular downstream effectors (). Accordingly, mice knocked out for PlexinC display a much more robust innervation of the ME than their wildtype littermates and this phenotype is associated with ovarian defects and subfertility (). In contrast, selectively knocking out Itgb (the gene coding b-integrin) in adult tanycytes via the infusion of TAT-Cre into the third ventricles of Itgb loxP/loxP mice causes the retraction of the endfoot of tanycytes from the pericapillary space in the external zone of the ME, with a corresponding expansion of the surface area occupied by GnRH neuroendocrine nerve endings, some of which directly contact the basal lamina of the brain (), an event that is otherwise very rarely observed (). The augmented access of GnRH neuroendocrine terminals to the vascular wall in the ME is associated with a persistent increase in circulating LH levels and the arrest of the estrous cycle in the estrous phase (). Overall, these results indicate that tanycytic SemaA plays a dual role in the plasticity of the ME during the estrous cycle, by controlling periodic morphological changes involving both the endfeet of tanycytes and GnRH nerve terminals, and demonstrate that such neuronal-glial crosstalk is essential for fertility.
Juxtacrine and paracrine communication processes tuning tanycytic plasticity Bidirectional paracrine communication processes between tanycytes, astrocytes, neurons, and endothelial cells in the ME may also be important for the integration of the neuronal and nonneuronal stimuli that these cells receive under the varying physiological conditions across the estrous cycle. Neuron-glia communication processes and glia-to-glia signaling in the ME could be controlled, at least in part, through the modulation of erbB signaling. In line with this hypothesis are studies showing that the simultaneous activation of AMPA and metabotropic glutamate receptors on hypothalamic astrocytes promotes the activation of erbB receptors via the cleavage of their ligands from membrane-bound precursors (EGF-like peptides) at the glial cell surface and the secretion of PGE  (). It has indeed been shown that AMPA and metabotropic glutamate receptor agonists together promote the phosphorylation of both erbB and erbB via a transactivation mechanism involving proteolytic activity (). These data suggest that the availability of erbB ligands in the extracellular matrix may be a key regulatory point for neuron-glia and glia-glia Figure 6 . (Continued) micrographs illustrating the dynamic changes occurring in the external zone of the ME that control direct access of GnRH nerve terminals to the pericapillary space during the reproductive cycle in the rat. Left: Electron micrograph of GnRH-immunoreactive terminals (large arrowhead) in the external zone of the ME in close proximity of the fenestrated capillaries (Cap) of the portal vasculature. At most stages of the reproductive cycle, GnRH nerve terminals (labeled with 15-nm gold particles) are entirely embedded in tanycytic endfeet (Tan), which prevent them from contacting the pericapillary space (p.s.) delineated by the parenchymatous basal lamina (arrow). Arrowhead, endothelial basal lamina; short arrow fenestration of the endothelium. Scale bar: 0.5 mm Right: On proestrus, the time of the occurrence of the preovulatory GnRH/luteinizing hormone surge, a significant fraction of GnRH nerve endings (large arrowhead) directly contact the pericapillary space (p.s.) through filopodial extension of the nerve terminal (arrows). Scale bar: 0.5 mm. From Prevot et al. (158) with permission. (D) Schematic representation of coordinated glial-endothelialneuronal interactions regulating the direct access of GnRH neurosecretory terminals to the pericapillary space in the external zone of the ME. In diestrus, high progesterone levels in a context of low circulating estrogens promotes the secretion of Sema7A by ME tanycytes. Sema7A activates integrin b1 (Itgb1) expressed by tanycytes themselves via a paracrine/autocrine action to promote the growth of their endfeet (blue arrows), which engulf GnRH neuroendocrine terminals and thus form a diffusion barrier impeding GnRH release into the pericapillary space and fenestrated capillaries. In parallel, tanycytic Sema7A acts on the Plexin C1 receptor expressed by GnRH neuroendocrine terminals to induce their retraction from the pericapillary space (red arrow). In proestrus, high circulating levels of estrogens promote both nitric oxide (NO) and Sema3A release from the fenestrated endothelial cells of the ME, promoting, respectively, the retraction of tanycytic endfeet from the parenchymatous basal lamina (red arrows) and the neuropilin 1 (NRP1)-mediated outgrowth of GnRH neuroendocrine axons guided by a scaffold of tanycytic processes toward the pericapillary space (blue arrow). Reproduced from Prevot et al. (158) .
"Sema7A expression in tanycytes varies across the estrous cycle in response to ovarian steroids, i.e., estrogens and progesterone." communication processes. The shedding of the ectodomain of membrane-anchored EGF-like peptides (-) is regulated by a class of cell-surface proteolytic enzymes, called metalloproteinases (, ). This class of enzymes comprises two subfamilies of zinc-dependent-metalloproteinases involved in extracellular proteolysis: MMPs and ADAMs (a disintegrin and metalloproteinase) [see for review Yong ()]. Although MMPs play an important role in regulating interactions between cells and their microenvironment via the degradation of the components of the extracellular matrix (), ADAM proteins, which harbor both adhesive interactions and proteolysis properties (), have been established to be involved in the cleavage of transmembrane proteins. Interestingly, ADAM, also named TACE (tumor necrosis factor a converting enzyme), is one of the enzymes involved in the shedding of both neuregulins () and TGFa (), the main ligands of erbB receptors in the central nervous system, and is seen to be expressed in astrocytes in the ME and have its activity increased selectively on the day of the first preovulatory surge of GnRH/LH at puberty (). Importantly, the inhibition of TACE activity in the ME decreases GnRH secretion and delays the occurrence of the first preovulatory surge of gonadotropins (). Activated TACE could thus promote the release of TGFa and neuregulin from their transmembrane precursors and their binding to their cognate receptors either on astrocytes or on tanycytes. Although astrocytes, including in humans, express the neuregulin receptor erbB (-), tanycytes express erbB (). Interestingly ME astrocytic erbB signaling has been shown to play an important role in the control of GnRH release via the release of PGE (), which may act both directly on GnRH neuroendocrine terminals to stimulate GnRH secretion () and on tanycytes to promote the retraction of their endfeet (, ).
Besides astrocyte-to-tanycyte communication processes, fenestrated endothelial cells of the ME, which have been shown to play an important role in regulating the outgrowth of GnRH axon terminals toward the pericapillary space on the day of proestrus, via the release of the chemotrophic factor SEMAA and its action on its receptor neuropilin  on GnRH neurons () (Fig. ) , also appear to tightly modulate tanycytic plasticity across the estrous cycle. Immunopanning methods used to purify vascular endothelial cells of the ME and experiments coculturing these cells with isolated tanycytes (, ) have demonstrated that fenestrated ME endothelial cells promote acute reorganization of the actin cytoskeleton in tanycytes (within  minutes of coculture) by releasing the highly diffusible and labile transmitter nitric oxide (NO). NO is a modulator that travels freely across biological membranes and is synthetized from the oxidation of Larginine into L-citrulline by enzymes known as nitric oxide synthases (NOS) (, , ). The inhibition of the production NO by endothelial cells via the treatment of these cells with NOS inhibitors or the expression of a dominant negative form of endothelial NOS (eNOS) using an adenoviral vector abrogates cytoskeletal reorganization in tanycytes promoted by endothelial cells (, ). In contrast, treating tanycytes with physiological doses of NO donors reproduces the effects of coculture (, ). The morphological changes induced by endothelial NO in tanycytes have been shown to require both the activity of soluble guanylyl cyclase and the cyclooxygenases (COX) (, ). Interestingly, when increased production of NO by endothelial cells is elicited by L-arginine, the precursor of NO, or high nontoxic concentrations of NO donors are used, it triggers acute retraction of tanycyte in vitro (). Strikingly, bath treatment of living ME explants with L-arginine also promotes acute retraction of the tanycytic processes engulfing GnRH nerve terminals in situ, enabling GnRH neuroendocrine axons to establish direct neurohemal junctions, as shown by ultrastructural studies (). The physiological importance of these cell-cell interactions involving NO for reproduction is highlighted by works showing that the blockade of the release of NO from the ME inhibits the release of GnRH on the day of proestrus () and causes disruption of estrous cyclicity ().
Amperometric methods used to selectively measure NO release in real time have shown that NO is spontaneously released by the ME (). In female rats, the secretory pattern of NO seems to be both pulsatile and cyclic in nature. The frequency of the pulses of spontaneous NO release (one pulse every  6  minute) is strikingly similar to that of pulsatile GnRH release from ME explants (one pulse every  6  minutes) (). NO pulses also see their amplitude vary across the estrous cycle, and reach peak values on the day of proestrus (), a phenomenon that is concomitant with the increase in the amplitude of GnRH pulses seen in vivo (). These data, together with the finding showing that L-NIO, a selective eNOS inhibitor, blocks the release of GnRH at the time of the onset of the preovulatory GnRH surge on the afternoon of proestrus strongly suggest that the secretion of NO by endothelial cells and the release of GnRH are causally linked in the ME during the estrous cycle (). Neuroanatomical results show that eNOS expression in the ME is indeed restricted to the vascular endothelial cells of the pituitary portal blood capillaries, which reside only a few micrometers away from the endfeet of tanycytes and GnRH neuronal endings ().
Radioimmunoassays coupled with amperometric experiments first showed that estrogens promoted both acute and long-term endothelial NO-stimulated GnRH release (, ). Estrogens appear to target both endothelial cells and tanycytes within the ME (, , -), and may be involved in the regulation of the interactions between endothelial cells, tanycytes, and GnRH neurons during the estrous cycle. Indeed, estradiol appears to potentiate endothelia-glia interactions by allowing endothelial cells to promote the retraction of tanycytic processes via the release of NO (). Estradiol indeed promotes eNOS expression in endothelial cells (, ) and upregulates both COX and COX expression in tanycytes (). The fact that PGE  , a COX product, mimics, in simple tanycyte cultures, the estrogeninduced acute retraction of tanycytes seen when they are cocultured with endothelial cells (), provides evidence for a major role for a COX product in the estradiol-induced tanycytic retraction mediated by endothelial NO. Notably, the treatment of ME explants with PGE  at concentrations known to stimulate GnRH release (, ) causes the outgrowth of GnRH neuroendocrine axons toward the pericapillary space, a phenomenon consistent with the retraction of tanycytic endfeet (). The local delivery of COX inhibitors into the ME in vivo is seen to markedly impair the ovarian cycle (), thus strengthening the physiological importance of prostaglandins in the cell-cell interactions regulating GnRH release.
Tanycytic plasticity and the central control of TRH neuroendocrine secretion
Several lines of evidence suggest that tanycytes also play a key role in the regulation of the HPT axis, primarily by regulating the release of TRH [reviewed in Fekete and Lechan ()]. It is interesting to note that, similar to vmARH tanycytes (i.e., b tanycytes) ensheathing GnRH axons, the axon terminals of TRHsecreting neurons are intertwined with the endfeet of ME tanycytes (i.e., b tanycytes) within the external zone of the ME (). Tanycytes express the highly specific TRH-degrading ectoenzyme (Trhde, pyroglutamyl peptidase II), an enzyme that controls TRH degradation (), suggesting that tanycytes could directly regulate TRH bioavailability before its passage into the pituitary portal circulation (). TRH then reaches the anterior pituitary and acts on thyrotrope cells to stimulate the secretion of thyroid-stimulating hormone (TSH). In turn, TSH stimulates the thyroid gland to synthesize and secrete the thyroid hormone L-thyroxine (T  ). Most importantly, T  must be converted to triiodothyronine or T  by deiodinases  and  (Dio and Dio) to be active (). Intriguingly, tanycytes of the ME are the major Dio-expressing cells in the brain (-) and appear to be the main mediators of the conversion of T  to T  within the tuberal region of the hypothalamus (). In addition, tanycytes express the organic anion-transporting polypeptide OATPC (, ) and MCT  (MCT) (, ), two transporters known to be involved in the uptake of T  and T  . Thus, tanycytes in the ME could take up T  from the circulation or from the CSF and convert it to the active T  (), a process known to be important for negative feedback on TRH synthesis (-). Released by tanycytic endfeet, T  could then be taken up by neighboring TRH nerve terminals and retrogradely transported to their cell bodies () to inhibit TRH transcription (). T  released by tanycytes could also contribute to energy homeostasis by acting directly on the ARH [reviewed in Fekete and Lechan () and Lechan and Fekete ()]. In line with this hypothesis, food deprivation has been shown to upregulate Dio expression in tanycytes of the ME (-) and thus to lead to a global increase in T  levels in the hypothalamus (). This mechanism has been found to be critical for the orexigenic response of NPY/AgRP neurons to fasting (). Consistent with these studies, the central administration of T  increases food intake in rats (). A very recent study has shown that central T  also regulates hepatic metabolism through the vagus nerve and brown adipose tissue via the sympathetic nervous system, leading to increased lipid oxidation and thermogenesis (). This physiological pathway is thought to be mediated by AMPK in SF-expressing neurons of the VMH ().
The evidence that tanycytes actually regulate the HPT axis in vivo has recently been provided by a study conducted by Schwaninger and colleagues () showing that the activation of TRH receptor  selectively elevates intracellular calcium levels in ME tanycytes through a Ga q/ -coupled pathway, which promotes the outgrowth of the tanycytic processes enwrapping TRH neuroendocrine terminals and an upregulation of the activity of Trhde (). Using the Designer Receptors Exclusively Activated by Designer drugs approach (), these authors have elegantly shown that the activation of hMD (a receptor modified from the human M muscarinic receptor), which is coupled to Ga q/ signaling (), mimics the effects of the TRH receptor agonist talterin on all the aforementioned changes (). Selective activation of hMD in tanycytes was achieved by clozapine-N-oxide treatment in mice in which an AAV vector selectively expressing Cre in cells with an active Dio promoter had been codelivered with the AAV-CAG-flex(hMD-mCherry) into the lateral ventricle (). Finally, the authors demonstrated that the increase in circulating levels of TSH upon Designer Receptors Exclusively Activated by Designer drugs-mediated activation of TRH neurons in the paraventricular nucleus was potentiated in mice in which Ga q/ expression was selectively knocked out in tanycytes, thus demonstrating the physiological importance of tanycyte-to-TRH-neuron interactions in the control of the HPT axis ().
Tanycytic Plasticity and Seasonality
Tanycytes express several important genes that appear to lie at the crossroads between the control of "Consistent with these studies, the central administration of T 3 increases food intake in rats (236) ." metabolism and the control of reproduction, including the melatonin-receptor-related GPR (-) and Dio (-), which, as mentioned earlier, plays a key role in the thyroid axis. The functional significance of the control of the bioavailability of hypothalamic T  by tanycytes in the context of energy homeostasis has long been supported by the fact that photoperiodic changes in Dio and Dio gene expression occur in tanycytes (-). Although the enzyme Dio is essential for the activation of T  to T  , Dio is crucial for the inactivation of T  to T  and deiodinates T  into reverse T  , which, like T  , is biologically inactive (). For instance, in seasonal birds and rodents such as the quail and Djungarian hamster, tanycytic Dio is upregulated, whereas tanycytic Dio is downregulated during the long photoperiod, leading to an increase in the bioavailability of T  in the hypothalamus (). This consequently stimulates appetite and promotes energy storage in the form of fat, allowing seasonal animals to adapt and anticipate the upcoming short photoperiod when food becomes rare (), in addition to coordinating their reproductive activity to ensure that offspring are born at the time of year that is most advantageous to their survival (). Tanycytes could thus constitute a critical crossway for interactions between neural networks governing the survival of the individual (i.e., energy metabolism) and those governing the survival of the species (i.e., reproduction).
Through its actions in the periphery and in the brain, T  controls a large variety of functions such as tissue growth and differentiation, lipid metabolism and energy homeostasis, including thermogenesis (, , ). Some mammals use bouts of deep hypothermia (torpor) to cope with reduced food supply and harsh climatic conditions (), and hypothalamic T  is thought to play a role in this seasonal torpor (). Intriguingly, in mice, fasting strongly induces Dio in tanycytes (); however, food deprivation is seen to induce torpor when GPR is knocked out () and this effect is reversed by treatment with TRH receptor agonists or leptin (). Equally interesting is the fact that GPR expression appears to be positively regulated by circulating leptin (), whereas many seasonal species develop resistance to peripheral leptin as an adaptive behavior in anticipation of food shortage during the less favorable season (). These findings suggest that GPR is implicated in adaptive thermogenesis and torpor and, because GPR knockout mice are resistant to a highfat diet, in metabolic regulation (). Interestingly, GPR expression in tanycytes has also been seen to vary dramatically with photoperiod in Djungarian hamsters (). Some other receptors, such as the tanycytic FGFRc, a receptor for a family of growth/ endocrine factors including FGF and FGF, have also been shown to be involved in the control of Dio expression in tanycytes and to play a role in integrating seasonal cycles and metabolism (). The selective inhibition of the activity of this receptor using neutralizing antibodies in the Siberian hamster causes the suppression of appetite and increased energy expenditure in association with a decrease in Dio expression in tanycytes during long days (when Dio expression is normally high and animals gain weight), but not during short days (when Dio expression is low and animals lose weight) ().
Seasonal changes in day length are actually perceived by individuals via the release by the pineal gland of melatonin, which displays a marked daily rhythm that is restricted to the dark phase of the day. The rhythmic synthesis of melatonin depends upon three interdependent factors: the endogenous circadian oscillator located in the suprachiasmatic nucleus, the light/dark cycle that synchronizes the circadian oscillator, and the acute inhibition of melatonin synthesis by light (). Melatonin is thought to act on the thyrotropic (TSH) endocrine cell population present in the pars tuberalis, which lies just below and around the ME; TSH cells of the pars tuberalis are developmentally distinct from pituitary TSH cells and do not appear to express the TRH receptor (). Instead, TSH cells of the pars tuberalis express the melatonin receptor  and respond to melatonin by producing TSH (, ), which acts in a paracrine fashion to activate the TSH receptor (TSHR) in neighboring tanycytes to control deiodinase expression. Indeed, Tshr messenger RNA expression overlaps with that of Dio/Dio (, , ) and central TSH infusion induces Dio expression in short-photoperiodacclimatized sheep () and hamsters (), whereas the photoperiodic induction of Dio is blunted in Tshr knockout but melatonin-competent mice (). The melatonin-dependent production of TSH by the pars tuberalis is thus tightly regulated by circannual cycles and acts as a key regulator of seasonal physiology (). An intriguing study has recently shown that the sensitivity of tanycytes to TSH released by the pars tuberalis could be programmed during embryogenesis by the action of maternal melatonin on the pars tuberalis of the fetus (). Such maternal photoperiodic programming has broad adaptive significance for determining the growth and maturation of offspring depending on the time of year at which they are born in (e.g., rodents born in early spring undergo rapid reproductive development, whereas this development is arrested in animals born in autumn) ().
As mentioned above, in long-day breeders such as hamsters and birds, the lengthening of the photoperiod increases the expression of Dio relative to Dio, producing an euthyroid state in the hypothalamus and leading to increased body mass and reproductive activation (, , , ). In the quail, the latter events are accompanied by structural reorganization in the external zone of the ME, enabling GnRH neurosecretory terminals to directly contact the pericapillary space of the pituitary portal blood system, via the retraction of the tanycytic process ensheathing them (). This phenomenon is intriguingly accompanied by a marked increase in the expression of TGFa in tanycytes (), known in rodents to be associated with the pubertal activation of the GnRH system (, ) and tanycytic plasticity (). During declining photoperiods, which are associated with opposite effects leading to reproductive arrest and a decrease in body mass (, , , ), tanycytic endfeet in the quail grow back into the pericapillary space and form continuous sheaths that isolate GnRH nerve terminals from pituitary portal blood vessels (). Altogether, by analogy to what has been seen in laboratory mice and rats (, ), these events involving tanycytes and morphological plasticity at the GnRH neurovascular junction across seasons could play a critical role in the photoperiodic control of GnRH secretion in birds.
As in long-day breeders, in short-day breeding mammals like sheep, the shortening of the photoperiod increases the expression of Dio and downregulates the transcripts of both Dio and the thyroid hormone transporter Oatpc, thus creating conditions with low hypothalamic T  ; however, transcripts encoding genes involved in tanycytic plasticity such as erbB (the receptor of TGFa, seen to play a functional role in tanycytes both in rodents and birds) (, , , ) and TGFb (, , ) are induced in this physiological state (), suggesting that structural changes involving tanycytes and GnRH neurosecretory neurons analogous to those seen in rodents and birds during fertile periods may also occur in sheep. Of note, the anatomical relationship between tanycytes, GnRH neuroendocrine terminals, and pituitary portal blood vessels appears to change as a function of nutritional status in ewes (). Besides, the density and complexity of tanycytic processes extended into the hypothalamic parenchyma increase during the breeding season (short days) when compared with anestrus (long days) (), in agreement with observations reported in the Djungarian hamster during the converse photoperiod (). The surface of exchange between ARH tanycytes and the CSF is also reported to increase during the breeding season via the sprouting of microvilli into the third ventricle (), a process that has also been shown to vary with the hormonal status of the sheep (). An intriguing  study suggests that the action of melatonin on the pars tuberalis modulates the growth and permeability of the pituitary portal vascular network linking the ME to the anterior pituitary by controlling the release of competing VEGF-A variants to regulate seasonal fertility in sheep (); however, whether this process requires tanycytic mediation, as has been described to modulate endothelial permeability in mice (), remains to be explored.
Tanycytes and Hypothalamic Neurogenesis
Beyond the high degree of morphological and transcriptomic plasticity of tanycytes, an additional level of plasticity has recently been uncovered with the discovery of their NSC properties and their ability to generate new neurons and glial cells in the postnatal brain (). Although these properties were suspected for a long time due to their morphological and molecular resemblance to radial glial cells, a major population of neural progenitors present in the developing brain, the use of transgenic mouse lines expressing reporter genes under the control of tanycytic promoters has enabled researchers to fate-map tanycytes and to show their multipotency in vivo.
True NSCs? Tanycytes express a variety of neural stem/progenitor cell (NPC) markers: nestin, vimentin, Sox, brain lipidbinding protein, the glutamate/aspartate transporter (GLAST), Musashi-, and glial fibrillary acidic protein (GFAP). These molecular properties appear evolutionarily conserved as NPC markers have been detected in the tanycytes of rodents [mouse (, ), rat (-), Siberian hamster (, , , ), Mongolian gerbil ()], sheep (), nonhuman primates [owl monkey, gray monkey (), gray mouse lemur ()], and humans (-). Tanycytes retain in adulthood the expression of genes that are expressed by hypothalamic progenitor cells, such as Notch , Notch , Hes , Lhx (, , ), and Rax (, , -). Moreover, two proteins selectively expressed in embryonic and adult subventricular zone (SVZ)/subgranular zone (SGZ) NSCs have recently been found to be enriched in tanycytes: UGS, a protein identified from a transcriptomic analysis and predicted to be involved in intracellular protein sorting, trafficking, and exocytosis (), and Prss, a trypsinlike serine protease ().
To be recognized as bone fide NSCs, tanycytes need to meet characteristic functional properties, i.e., the ability to proliferate, to extensively self-renew, and to differentiate into neuronal, astroglial, and oligodendroglial lineages. Tanycytes proliferate in vivo (, , , , , , ). Notably, proliferation occurs at a lower rate in the tanycyte layer compared with the nearby parenchyma (), in agreement with the low proliferative activity that characterizes NSCs in the classic neurogenic niches (-). A consequence of slow proliferation is that stem cells remain labeled for extended periods after the incorporation of thymidine analogs, a process called label-retention (, ). After injection of a pulse of BrdU in young postnatal rats, BrdU-labeled tanycytes, some of which express the cell-cycle marker Proliferating Cell Nuclear Antigen, can be seen in adult animals (C. Allet and V. Prevot, unpublished data), showing that tanycytes are label-retaining cells and still remain capable of "Interestingly, GPR50 expression in tanycytes has also been seen to vary dramatically with photoperiod in Djungarian hamsters (242) ." entering the cell cycle. Lineage-tracing studies have shown that tanycytes in the lateral wall of the third ventricle (a tanycytes) proliferate to renew part of the tanycyte population over time (), suggesting their self-renewal property. Fate-mapping of tanycyte progeny using different transgenic mouse lines have shown that early postnatal (postnatal day ) tanycytes give birth to neurons that mostly populate the ME (), whereas adult tanycytes produce neurons that mainly populate the ARH and VMH (, , ). Although the ability of tanycytes to generate GFAP+ cells with astrocytic morphology has been reported (, ), it remains to be demonstrated whether they can give birth to oligodendroglial progeny.
In vitro studies have also been performed to probe the NSC properties of tanycytes using the neurosphere assay. When the ventricular walls of transgenic animals expressing reporter genes in tanycytes are dissected and grown in culture, reporter-positive neurospheres that can be passaged and differentiated into neuronal, astroglial, and oligodendroglial lineages form (, ), suggesting that tanycytes exhibit NSC properties in vitro. However, these assays do not rule out the possibility that the self-renewal and multipotency properties are provided by reporter-negative cells lying in the ventricular region and growing alongside reporter-positive cells in the neurospheres. This potential pitfall could be avoided by fluorescenceactivated cell sorting tanycytes expressing stable fluorescent reporters and evaluating whether single fluorescent cells regenerate neurospheres that can be differentiated into reporter-positive cells that coexpress markers of neuronal and glial lineages.
Different populations of tanycytic NPCs?
Tanycytes are heterogeneous with regard to NPC marker expression, proliferative properties, and the fate of their progeny. During early postnatal life, the floor of the third ventricle contains a population of b tanycytes that actively proliferate. Fate-mapping of tanycytes using inducible nestin promoter-driven reporter expression has shown that young postnatal tanycytes generate neurons that are mostly found in the ME (). When nestin promoter-driven recombination is induced in adult animals, tanycytes give birth to neurons and, to a lesser extent, glial cells that populate more dorsal hypothalamic regions including the arcuate, ventromedial, dorsomedial, lateral, and posterior nuclei (). Because nestin is expressed in all tanycytes, the fate-mapping of nestin+ cells provides an overview of the neuro-and gliogenic potential of tanycytes at the level of the whole population. Interestingly, lineage-tracing of tanycyte subpopulations has revealed that all tanycytes are not equal in their fate. Fibroblast growth factor (FGF)  is expressed by a population of b tanycytes that correspond to ME/vmARH tanycytes that coexpress nestin, Sox, brain lipid-binding protein, and musashi- but lack GFAP and GLAST. Lineage tracing of FGF+ tanycytes in adults shows that they produce neurons, which mostly populate the ARH and VMH, but no GFAP+ progeny (). More dorsally, the ventricle harbors a population of GLAST-expressing a tanycytes, which correspond to dmARH and VMH tanycytes that are both gliogenic and neurogenic, and provide high numbers of astrocytes and a few neurons to ventral regions in and around the ARH and VMH in adult animals. Moreover, neurospheres can be generated in vitro from ventricular regions containing a tanycytes but not b tanycytes (). Among a tanycytes, the a type (dmARH tanycytes) selectively proliferates in response to FGF (, , ), a known mitogen for SVZ NPCs (), or monosodium glutamate, a glutamate salt with neurotoxic properties used to induce ARH neuronal cell death (, ). Moreover, the subpopulation that expresses GFAP (i.e., dorsal a) shows the highest self-renewal capacity in vitro (). Therefore, considering that GLAST+ a tanycytes are able to produce b tanycytes (vmARH tanycytes) () and that b tanycytes are exclusively neurogenic, do not form neurospheres in vitro, and are highly enriched in doublecortinlike, a microtubule-associated protein expressed in neuronal progenitors (), one could speculate that GLAST+ a tanycytes are NSCs whereas b tanycytes are more committed NPCs. Interestingly, expression studies in rat show that dmARH and vmARH tanycytes, which are derived from the Shh-expressing floor-plate during embryogenesis (), retain Shh expression in adulthood, whereas the expression of this factor is excluded from tanycytes of the ME (). Shh exerts multiple effects during the development of the nervous system, controlling the proliferation and the cell fate of NPCs, two properties that appear to be conserved in the adult SVZ and SGZ niches (). Because patched and smoothened, two membrane proteins involved in Shh signal transduction, are detected in rat ME tanycytes (), one could speculate that the subset of tanycytes facing the ARH governs the glial and neuronal cell-fate specification of adjacent tanycyte populations through Shh secretion, similar to the cell-fate instructive properties of floor-platederived Shh during embryogenesis (). In addition, ME and vmARH tanycytes have recently been shown to express Fezf (), an evolutionarily conserved forebrain-enriched zinc finger transcription factor that plays a role in patterning the developing diencephalon () and is dynamically regulated during mouse hypothalamic development (). Studies conducted both in zebrafish and mice suggest that the level of expression of Fezf in NSCs could tightly regulate their level of quiescence by patterning directional Notch signaling among neighboring NSCs (), with high Fezf expression characterizing quiescent NSCs and low Fezf expression proliferative ones. Fezf expression in tanycytes could thus be one explanation for their low proliferation rates. Whether the tanycyte population contains distinct pools of NPCs with different proliferation and lineage dynamics in response to intrinsic and/or extrinsic factors, and/or whether lineage relationships link different tanycyte subtypes, as recently uncovered for NSCs in the SVZ (), remains to be explored. The advent of new gene expression profiling approaches to better characterize the molecular heterogeneity of tanycytes (, ) and the development of new tools for the isolation and fate-mapping of selected tanycyte subpopulations will enable us to refine our understanding of the complexity of the hypothalamic niche.
Regulation of tanycyte NPC properties
As of the present, the molecular control of the NPC properties of tanycytes remains largely unexplored. FGF and insulinlike growth factor , two growth factors known to regulate proliferation and neurogenesis in the SVZ and SGZ (, ), stimulate the proliferation of adult rodent a tanycytes (i.e., dmARH and VMH tanycytes) (, , , , ). Moreover, the intracerebroventricular administration of insulinlike growth factor  in adult rats increases the number of newborn hypothalamic neurons (), but whether this reflects increased neurogenesis from tanycytes remains to be determined. A physiological context that affects the hypothalamic neurogenic niche is seasonality. In sheep, the neuroanatomical features of the hypothalamic niche are affected by photoperiod. During the short photoperiod, when animals are sexually active, the Sox-expressing tanycyte layer appears thicker, tanycytic processes show structural reorganization (), and hypothalamic cell proliferation () and the expression of the neuroblast marker doublecortin, indicative of neurogenesis, are increased compared with the long photoperiod, which corresponds to a sexual resting period (). These studies suggest that the period of sexual activity is associated to increased hypothalamic neurogenesis. It remains to be seen whether all these changes reflect modifications in tanycytic NPC properties, and what their molecular determinants are. A good candidate is the thyroid hormone T  , generated from T  by Dio in tanycytes. In the adult mouse, T  stimulates neurogenesis in the SVZ () and SGZ () by promoting the neuronal differentiation of NPCs. In sheep, the expression of Dio in tanycytes is photoperiodically controlled. Moreover, expression levels of Shh, which show seasonal variations, appear to be under the regulatory influence of T  (). The exploration of hypothalamic neurogenesis in thyroidectomized animals could be instrumental in gaining insights into the molecular control of the hypothalamic neurogenic niche.
Function of tanycytic neurogenesis
Lineage-tracing studies have revealed that tanycyte progeny populate hypothalamic nuclei related to the regulation of energy balance. Moreover, neurons born from tanycytes during the early postnatal period in the ME respond to acute fasting with an increased expression of the immediate early gene c-fos (), whereas neurons born from tanycytes during the prepubertal period in the ARH respond to leptin administration by the phosphorylation of STAT (), a common marker of LepR activation (), supporting the view that tanycytes produce neurons that are functionally integrated into energy-sensing circuits.
A number of studies have now shown that hypothalamic neurogenesis is pathophysiologically relevant for the central control of metabolism. Blocking hypothalamic neurogenesis in physiological (, , ) or altered metabolic contexts such as a high-fat diet (, -) has proven to be detrimental to energy homeostasis. It is important to stress here that cells with NPC properties other than tanycytes have been identified in the mediobasal hypothalamus and are involved in the regulation of metabolism (, , , ). Inhibitory strategies based on the intracerebroventricular infusion of the antimitotic drug cytosine-b-D-arabinofuranoside (AraC) (, , , ) or focal X-ray irradiation (, , ) target both tanycytes and nearby proliferative parenchymal cells, preventing the potential contribution of tanycyte-derived neurogenesis to the resulting metabolic deregulation from being clearly distinguished. However, other strategies using genetic tools have enabled the role of selected hypothalamic NPC populations in energy homeostasis to be assessed. The injection into the mediobasal hypothalamus of lentiviral vectors expressing Sox-promoter-driven constructs to block proliferation, survival, and neurogenesis has shown that the integrity of the Sox+ parenchymal cell population is necessary to prevent the development of obesity and prediabetes in the long term (, ). In another approach, transgenic mice in which a gene required for cell division in NG+ glial cells is deleted by inducible Cre recombinase has shown that the selective ablation of dividing NG+ cells results in body weight gain (). These genetic strategies, once adapted to selectively target tanycytes, could be used to assess the contribution of tanycytic NPCs to the control of energy homeostasis. Notably, tanycytes give rise not only to neurons but also to astrocytes that populate mediobasal regions involved in metabolic control (). Given the increasingly recognized role of astrocytes in the control of metabolism (-), one could speculate that tanycytes contribute to the plasticity of energy homeostasis circuits by producing both new neurons and their surrounding modulatory glial environment. A recent study intriguingly suggests that tanycytes control systemic ageing through the release of exosomal microRNAs (miRNAs). The authors propose that such a process, given its relatively fast kinetics, would not "During early postnatal life, the floor of the third ventricle contains a population of b2 tanycytes that actively proliferate." depend on de novo neurogenesis. However, the characteristics of the exosomal fraction identified, combined with the inability of hypothalamic astrocytes to produce the same effects, suggest that the miRNA-driven antiaging properties of tanycytes are linked to their NPC nature ().
It is worth noting that neurogenesis and/or gliogenesis as well as the capacity to generate neurospheres in culture have been reported for the OVLT, SFO, and AP (). Because tanycytelike cells have been described in these CVOs (), one could imagine that NPC tanycytes exist beyond the tuberal region and regulate more functions than currently thought.
Translational Aspects
Tanycytes as new targets in central infertility and contraception? The use of advanced genetic tools has recently shown that progesterone can arrest GnRH release by promoting the SemaA/b-integrin-mediated ensheathing of GnRH nerve terminals by tanycytes (). This, together with recent findings showing that gonadal steroids promote structural changes in the hypothalamus of young women during the menstrual cycle () and that some patients with congenital hypogonadism display mutations in SEMAA (), suggests that manipulating the SemaA/b-integrin signaling pathway pharmacologically may pave the way for the development of new treatment strategies for human syndromes involving the central loss of reproductive competence.
In addition, the alteration of the estrous cycle with a prevalence of the estrous phase and increased circulating levels of LH in mice in which b-integrin is selectively knocked out in tanycytes () appears to recapitulate, at least in part, the neuroendocrine reproductive phenotype seen in two animal models of polycystic ovary syndrome: () the occurrence of pathologically elevated levels of LH, augmented frequency of LH pulses, and irregular estrous cycles with an increased duration of the estrous phase by prenatal androgen exposure (, ) and () increased GnRH release from living ME explants ex vivo and increased GnRH/LH pulse frequency in vivo following treatment with anti-Müllerian hormone (AMH) in mice and rats (). AMH is a hormone secreted by the ovaries belonging to the TGFb superfamily; its blood levels are highly elevated in patients with polycystic ovary syndrome (, ) and correlated with the severity of the reproductive dysfunction (, ). Because tanycytes express high levels of AMHRII, the receptor of AMH () that can heterodimerize with the tanycytic TGFb-RI to transduce its signal (), it is tempting to speculate that at least part of the effects of AMH on GnRH/LH release involves the action of AMH on tanycytes, potentially interfering with other signaling pathways such as the one of SemaA and changing the morphology of tanycytes ().
Tanycytic plasticity may also play a role in the onset of puberty in humans. The use of arterial spin labeling, a magnetic resonance perfusion method that enables arterial-borne water molecules to be visualized and quantified in regions of interest in the brain (), suggests that the structure of the ME may change at puberty (unpublished data). More specifically, it has been shown that the time spent by arterial-borne water molecules in the ME/pituitary stalk area is significantly increased in patients with idiopathic central precocious puberty and that this is tightly correlated to the increase in circulating LH levels after GnRH stimulation (unpublished data), an indicator commonly used to assess puberty onset in patients (). Indeed, the GnRH-stimulated LH peak is known to increase -fold at puberty when compared with prepubertal children (). These magnetic resonance data thus suggest that at puberty, more water molecules circulate in, or extravasate from, the pituitary portal blood vessels, and also that they spend more time in the tissue. The first event could be caused by the augmentation of local blood flow and the increase in the permeability of ME endothelial cells known to occur during neurohormone-mediated secretory episodes (, ) and the peak release of GnRH/LH (), respectively. In contrast, the prolonged retention of arterial-borne water molecules in the ME could be caused by structural changes similar to those seen in the hypothalamus when the hypothalamic-pituitarygonadal axis is activated in women during an artificial menstrual cycle (). To speculate further, the effects of puberty on vascular permeability in the ME could be mediated by the increased fenestration of the endothelium due to the release of VEGF-A by tanycytes (), and structural changes linked to the retraction of tanycytic processes ensheathing GnRH neurosecretory terminals (, ), an organization that is also found in humans (). The putative involvement of tanycytic plasticity in sexual maturation is also suggested by the finding that the impairment of prostaglandin signaling by knocking out miR-a, one of the specific miRNAs upregulated in GnRH neurons at minipuberty (), causes hypogonadotropic hypogonadism in mice (). Specifically, miR-a alters the expression of prostaglandin Fa receptor negative regulator (PTGFRN), which antagonizes the physiological action of PGFa on its cognate receptor, PTGFR. The expression of PGFa gradually increases together with that of PGE in the hypothalamus during postnatal development (). This hypothalamic increase in prostaglandin signaling stimulates LH release by activating GnRH neuroendocrine secretion in the ME, a process that requires structural plasticity in tanycytes (, ), and thus promotes sexual maturation (, ). Overall, these data raise the intriguing idea that both prostaglandin signaling, potentially resulting from a dialogue between tanycytes and GnRH neurons, and miRNAs play a role in the pathophysiology of idiopathic hypogonadotropic hypogonadism in humans ().
All in all, an impairment of the morphological plasticity of tanycytes during the estrous cycle could play an unexpected role in the etiology of some infertilities of hypothalamic origin, and the recognition of its clinical relevance may lead to the development of new treatment strategies for precocious activation of reproductive competence or hypothalamic infertilities in human syndromes, as well as, new contraceptive approaches.
Tanycytes as new targets for treating obesity and type 2 diabetes? Obese patients, who are resistant to metabolic hormones, have been shown to display defective leptin transport across the BBB to the CSF (, ). The ERK-dependent transport of leptin by tanycytes (), and more broadly, the intriguing concept that tanycytes act as a conduit for peripheral metabolic hormones (, ) and their pharmacological analogs into the brain, could thus play a critical role in the pathophysiology of central leptin resistance. In mice, a high-fat diet is known to promote diet-induced obesity (DIO). Interestingly, although an -week regimen high in fat is seen only to alter the transport of leptin into the brain, i.e., rendering mice unable to sense peripheral leptin while retaining central leptin sensitivity (, ), individuals fed a high-fat diet for  weeks lose both peripheral and central leptin sensitivity, i.e., they become fully leptin-resistant (, ). Interestingly, DIO after the -week regimen is found to profoundly disrupt peripheral leptin access to the mediobasal hypothalamus but not to the ME, although leptin fails to activate STAT in the ME of these mice, including in tanycytes (). The latter finding, together with the fact that tanycytes are both in direct contact with the portal circulation and the first cells to perceive the leptin signal, strongly suggest that tanycytes could be the first cells of the brain to become resistant to leptin, i.e., LepR-signaling incompetent (Fig. A) . Interestingly, mice lacking the signaling-competent LepRb isoform (db/db mice) are seen to phenocopy -week DIO mice, with bloodborne leptin remaining blocked in the ME in both lean juveniles and obese adults (). Although the release of the captured leptin by tanycytes is seen to require leptin-stimulated LepRb-ERK signaling, reinstating ERK signaling in tanycytes by an alternative route involving the erbB signaling pathway, which we have previously shown to play a key role in tanycyte function (, ), unexpectedly restores leptin release both in DIO and db/db mice. Indeed, the intraperitoneal injection of EGF  minutes before the end of the -minute treatment with exogenous leptin reinstated the uptake of peripheral leptin by the mediobasal hypothalamus in these mice (). Importantly, EGF treatment of  minutes selectively activates ERK in tanycytes and restores the ability of exogenous peripheral leptin to activate STAT in leptin-sensitive hypothalamic neurons in -week DIO mice (). Intriguingly, daily treatment of DIO mice with EGF during the last week of the high-fat diet before they were switched to normal chow promotes a dramatic loss of body weight when compared with mice treated with vehicle, accompanied by an immediate recovery of the ability of exogenous leptin to promote body weight loss, whereas full leptin sensitivity is only reinstated in non-EGF-treated control mice after  weeks of chow diet despite the fact that significant weight loss was already achieved after  weeks (). The realization that tanycytes act as a key checkpoint along the route transporting peripheral leptin into the brain and that the alteration of this process precedes the occurrence of any metabolic dysfunction despite the progression to overweight, together with the fact that it can be reinstated by pharmacological means in obese individuals, holds therapeutic potential for obesity and type  diabetes. It also identifies a window of opportunity for early intervention to hamper the onset of metabolically unhealthy obesity and associated comorbidities, including cognitive impairment in the overweight population (), because leptin is also involved in regulating higher brain functions () and has been shown to reach the brain regions regulating these functions through the CSF (, ).
Malnutrition during the perinatal period is also thought to play a determining role in the onset of metabolic disorders, as unbalanced metabolic hormones levels can dramatically impact the development of the brain circuits involved in the control of energy homeostasis in adulthood (, ). One study has intriguingly reported that neonatal overnutrition causes an early impairment of ghrelin transport into the hypothalamus and central resistance to peripheral ghrelin () during important stages of hypothalamic development (). Reminiscent of what is observed for leptin transport in adult DIO mice (), mouse pups raised in small litters, i.e., subjected to neonatal overfeeding, are unable to respond to peripheral ghrelin by neuronal activation in the hypothalamus as early as the second week of life, although the intracerebroventricular injection of ghrelin readily induces cFos immunoreactivity in the ARH, indicating that ARH neurons retain the ability to respond to ghrelin as in pups raised in normal-sized litters (). These data, together with the fact that fluorescent bloodborne ghrelin injected peripherally is unable to reach the mediobasal hypothalamus and be taken up by ME tanycytes in overfed pups in contrast to control mice (), strongly suggest that blood-to-CSF transport mechanisms of metabolic hormones by tanycytes can be dramatically impaired during the infantile period.
"The expression of PGF2a gradually increases together with that of PGE2 in the hypothalamus during postnatal development (343) ."
This early alteration of tanycytic function might predispose individuals to developing metabolic diseases later in life. Another study has shown that mouse pups born to overweight dams fed a high-fat diet during gestation exhibit an increase in the permeability of ARH vessels on the day of birth when compared with pups born to normal-weight mothers fed standard chow (), suggestive of an alteration of the dialogue set in motion between tanycytes and ME endothelial cells early in life (, ). In future studies, it would be important to explore the impact of this boosting of the direct access of bloodborne metabolic signals to ARH neurons or the alteration of tanycytic shuttling of peripheral signals at birth on the development of hypothalamic feeding circuits and energy homeostasis, to determine whether the malprogramming of blood-hypothalamic exchanges in the ME-ARH complex during this critical period could play a role in the onset or pathophysiology of metabolic disorders. In addition, because males and females have distinct propensities to develop distinct forms of homeostatic disorders (-), in part due to the influence of gonadal hormones, it would be important to conduct these investigations in both sexes.
Tanycytes and seasonal disorders?
There has always been an implicit understanding that biological functions, in particular reproduction in preindustrialized societies, are affected by the seasons, and a range of affective, psychotic, and addictive disorders are associated with annual changes in environmental factors (). In line with this assumption, studies have reported that seasonal/photoperiod changes lead to profound alterations of brain function not only in seasonal animals (-), but also in nonseasonal rodents (, , ) and adult humans (-). It is tempting to speculate that tanycytic remodeling and their local transport and conversion of T  (thyroxine) to triiodothyronine (T  ) might play a role in the etiology of some forms of neurobehavioral disorders influenced by seasons in humans. Mutations in several genes of the HPT axis expressed in tanycytes, including the BBB transporter MCT, have been shown to cause thyroid dysfunction in humans, which are associated with severe brain deficits (, ). Susceptibility to seasonal disorders as well as the severity of these conditions could vary between individuals depending on the set of gene variants they express ().
Tanycytes in aging
The molecular mechanisms set in motion in tanycytes and responsible for the progression of the estrous cycle in rodents rely, at least in part, on a balance between the antagonistic effects of distinct ME signaling pathways involving glial and endothelial factors, whose expression is periodically influenced by circulating sex steroids. Whether their expression is altered with age, thus contributing to GnRH-related systemic aging (, ), remains to be investigated. Early studies suggest that the morphology of tanycytes is altered with age, both in terms of the loss of their processes (labeled by immunoreactivity) and specific markers such as DARPP-, and by an increase in the expression of intermediate cytoskeletal proteins usually seen to be expressed in astrocytes, e.g., GFAP (). Because the process underlying whole-body aging is known to involve noninfection-related hypothalamic inflammatory changes mediated by nuclear factor kB (), which has been described to be expressed in tanycytes in the context of inflammation (), and these changes are alleviated by systemic injections of GnRH (), it is tempting to speculate that these effects are linked to a disruption of GnRH secretion in the ME due to a communication breakdown between tanycytes and GnRH neurons at the neurovascular junction. Indeed, electron microscopic studies in rats show that aging modifies the structural relationship between GnRH nerve terminals and tanycytic endfeet by significantly diminishing their interaction (, ). In humans, although morphological interactions between GnRH neuroendocrine terminals and tanycytes are seen to occur in the ME of aged individuals (), a recent study suggests that the organization of vimentin-immunoreactive processes could be disrupted in aging subjects with unaffected brain function, as compared with young subjects, although the total number of tanycytic cell bodies does not appear to vary with age (). Regardless of their morphological association with GnRH axons, electron microscopic studies carried out in nonhuman primates show that tanycytic endfeet are significantly enlarged in the ME of aged vs. young females (). Overall, these reports raise the idea that an alteration of the dialogue between GnRH neurosecretory neurons and glial cells of the ME contribute to the senescence of the GnRH neural network and raises the provocative possibility that this process could contribute actively to the onset of age-related disorders, including cognitive decline (, ).
Aging has also been shown to alter the tanycytic barrier to the point of creating a breach in the structural integrity of the blood-CSF barrier in the ME (). Because aged animals are known to exhibit alterations in the neuroendocrine control of energy homeostasis, including an attenuated response to fasting (), it is tempting to speculate that alterations in blood-hypothalamus barrier plasticity could contribute to the onset of age-related metabolic diseases (, ). In line with this hypothesis, traumatic brain injuries, which are likewise known to predispose the individual to neuroendocrine disorders (, ), are seen to dramatically alter tanycytic barrier integrity in the ME of mice (). A controlled unilateral impact to the parietal cortex of mice is seen to cause a loss of the expression of the tight junction protein claudin  in ME tanycytes and to alter the density of the tight junction complexes containing occludin and ZO in ME and vmARH tanycytes,  month after injury (). This disruption of the tanycytic barrier in the ME results in a disrupted pressure balance between the CSF and the interstitial fluid, as seen by the leakage of inert -kDa dextran dyes from the CSF into the ME parenchyma (). This condition may thus result in the inappropriate and uncontrolled passage of circulating signals between the blood and brain at the ME and could account for at least part of the long-term cellular changes known to occur upon brain injury (-), including hypothalamopituitary dysfunction () and metabolic disorders ().
Tanycytes are directly in contact with the CSF at their apical surface, and send a single basal process into the brain tissue to contact the pituitary portal circulation. Over the last four decades, experiments administering dyes and labeled biologically active molecules into the ventricle indicate that tanycytes have the capacity to capture substances present in the CSF (, -). Recent findings support the idea that these hypothalamic cells, in addition to shuttling circulating signals from the blood to the CSF (, ), could also act as "brain cleaners" by using the reverse route to eliminate the excess of toxic proteins generated in patients with neurodegenerative disorders such as Alzheimer's disease (, ), thus protecting the hypothalamus.
A New Classification of Tanycytes?
As mentioned in the introduction, tanycytes have traditionally been classified as a, a, b, and b, based on their dorsoventral position along the third ventricle, the extension of basal processes into the hypothalamus and histochemical criteria (). However, as seen throughout this review, even these subpopulations of tanycytes are not homogeneous, and fail to adequately take into account the range of criteria that distinguish tanycytes from each other. Even though our knowledge of these remarkable cells is still incomplete, more recent findings detailed in the preceding sections with respect to their morphological, anatomical, transcriptomic, and physiological diversity suggest that it is time to revise the classification of tanycytes. First, tanycytes can be separated into two main categories depending on whether they contact permeable fenestrated vessels or BBB capillaries via their endfeet (). Although the first population is mainly contained in the ME and thus overlaps with the previously reported b tanycytes, the second mostly lies along the lateral walls of the third ventricle and corresponds to a tanycytes; however, the tanycytes 
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that make contact with ME capillary loops in the ventral ARH would oscillate between these two phenotypes depending on the permeability status of the endothelium of these capillaries, itself dependent of the energy status of the individual (); these tanycytes might therefore merit a category of their own if this plasticity were to be shown to be specific or intrinsic to them. Although these two (or three) types of tanycytes express common markers such as DARPP- (, , ), GPR (, ), vimentin (, , , ), and nestin (, ), tanycytes in direct contact with fenestrated capillaries specifically express claudin  (, ) and their cell bodies form a tight blood-CSF barrier, preventing the free paracellular diffusion of bloodborne molecules extravasating from the permeable capillaries into the CSF (, ). On the other hand, tanycytes making contact with BBB capillaries express connexin  and appear to be connected with each other through gap junctions (). Different subsets of tanycytes also differentially express other types of markers such as GLAST, GLT-, and GLUT (, ) as detailed in Table  . Parallel to this classification, tanycytes could also be categorized into different subtypes depending on the nature of the neuroendocrine and nonneuroendocrine neural networks to which they belong, similar to astrocytes, which exhibit distinct properties depending on the neuronal populations with which they interact (, , ). For example, tanycytes of the dorsolateral ME or the vmARH (a mongrel structure in which ARH neurons are surreptitiously included in the ME, reminiscent of the infundibular nucleus in humans, where the ARH is embedded within the infundibulum/ME), previously called b tanycytes, specifically interact with the neuroendocrine axons of the GnRH neurons that control the hypothalamic-pituitary-gonadal axis (, , , ) ( Fig. ; Table ) , whereas tanycytes of the medial ME, the so-called b tanycytes, interact with other neuroendocrine neuronal populations including TRH and corticotropin releasing hormone neurons, which control the HPT axis (, ) and the Figure 7 . Functional regionalization of the ME. Confrontation in the mediobasal hypothalamus (mouse brain) of the distribution of blood vessels (yellow, labeled for CD31), tanycytes [blue or white, labeled for vimentin (VIM)], and neuroendocrine axons secreting either corticotropin-releasing hormone (CRH, green) or (GnRH, magenta). The location of the subtypes of tanycytes following the original classification with Greek letters is shown for (A) cell bodies and (B-D) processes. Note in (B and D) that CRH nerve fibers terminate in a b2-rich zone, whereas GnRH nerve fibers are especially abundant in b1-rich zones. Note in (C) that from lateral (barrier zone) to medial (secretory zone), the morphology of the tanycyte endfeet changes from thick and unbranched to slender and highly branched. (E) Rostral (top) to caudal (bottom) distribution of b1 and b2 tanycytes. Figures are (A-D) 3.77-mm-thick confocal stacks or (E) video camera images of 12-mm-thick sections. Scale bars: 50 mm. PS, pituitary stalk.
hypothalamic-pituitary-adrenal axis (Fig. ) , respectively. As is increasingly clear from data generated by single-cell sequencing and the fact that they are part of distinct neural networks or micronetworks, the different subtypes of tanycytes are equipped with specific sets of genes (, ). For example, transcriptomic profiling of individual cells has interestingly identified the small proline-rich protein SPRRA as a new marker of tanycytes in the dorsolateral part of the ME (the socalled b tanycytes) (), whose processes contact the fenestrated portal capillaries () and which specifically interact with GnRH neuroendocrine axons (). Similarly, tanycytes that send processes to the ARH and the VMH, and thus interact with other neuronal populations might have different transcriptomic profiles. In short, it might be more appropriate to apply a functional classification to tanycytes ( Table ) depending on the hypothalamic regions in which they lie and to which they project, i.e., ME tanycytes (ME tanycytes), which form the infundibulum (or pituitary stalk) more caudally (Fig. E) , tanycytes of the vmARH, which is invaded by ME capillary loops (vmARH tanycytes), dmARH tanycytes, which are morphologically associated only with BBB vessels, and VMH and DMH tanycytes (Fig. ) . It should be kept in mind that within each class, tanycytes may show a further degree of diversity depending on the cell types they interact with and the physiological status of the individual. Further refinements of tanycytic classification are only to be expected with new advances in our knowledge.
Conclusions
From the numerous examples detailed in this review article, it is obvious that tanycytes are highly plastic elements in the adult central nervous system that play a fundamental role in the function of the neuroendocrine brain. Tanycytes lie at a nodal point in the hypothalamus, from which they man the dialogue between the brain and the periphery. Dynamic tanycyte-neuron interactions are part of the physiology of several neuroendocrine axes. Tanycyteendothelial-cell interactions tightly control the direct access of bloodborne signals to select hypothalamic neurons involved in the adaptive response to metabolic changes. Tanycytes are also involved in the capture and the maturation of key circulating hormones, as well as in the shuttling of metabolic signals between the blood and the brain. Their malfunction could thus lie at the origin of metabolic and endocrine disorders resulting from an alteration in the communication between the brain and the periphery, which could lead to a worsening of risk factors and comorbidities with age. Tanycytes could thus constitute the missing link in the loop connecting behavior, hormonal changes, signal transduction, central neuronal activation, and, finally, behavior again, under both physiological and pathological conditions. Further exploring the role of this single versatile cell type in health and disease may provide new directions in biomarker research and new therapeutic approaches for a variety of disparate disorders.
